Natural visual scenes typically contain many objects, and this leads to computational problems that are absent when objects are presented in isolation. To study how complex scenes are processed under controlled laboratory conditions, cognitive scientists have conducted an enormous number of experiments using visual search tasks (for a review, see Wolfe, 1998) , and several models of attention have been proposed to account for how information is selectively processed during visual search (e.g., Bundesen, 1990; Cave & Bichot, 1999; Desimone & Duncan, 1995; Duncan & Humphreys, 1989; Luck, Girelli, McDermott, & Ford, 1997; Treisman, 1988; Treisman & Gelade, 1980; Treisman & Sato, 1990; Wolfe, 1994; Wolfe, Cave, & Franzel, 1989) . Almost all models that account for visual search data propose that working memory plays an important role in enabling eff icient processing of search arrays. For example, a subset of attention models posit that a template of the search target is maintained in visual working memory, which biases perceptual mechanisms to process items that contain target features (Bundesen, 1990; Desimone & Duncan, 1995; Duncan & Humphreys, 1989) . In addition, Treisman and colleagues have proposed that once an item is selected by attention, an object file of it is created (Kahneman, Treisman, & Gibbs, 1992; Treisman, 1988; Treisman & Gelade, 1980; Treisman & Sato, 1990) ; object files are temporary object representations that can later be updated, so the creation of an object file may be identical to the creation of a working memory representation. Thus, many influential theories of attention propose that visual working memory representations play an important role in visual search.
To test such proposals, Woodman, Vogel, and Luck (2001) used a dual-task paradigm in which a visual search task was performed during the retention interval of a visual working memory task. 1 Performance in this dual-task condition was compared with performance when the search and the memory tasks were performed individually. In the visual working memory task, subjects were shown a sample array containing four colored objects, and then, after a 5-sec retention interval, they were shown a test array that was identical or differed in the color of one object. They made an unspeeded forced-choice response at the end of the trial to indicate whether one of the items had changed or not during the retention interval. This task was designed to f ill visual working memory to capacity (see , for a detailed characterization of performance in this task). In the visual search task, the subjects viewed arrays of 4, 8, or 12 squares, each with a gap on one side, and made a speeded forcedchoice response to indicate whether one of the squares had a gap on the top or on the bottom. In the third condition, the subjects performed the search task during the retention interval of the memory task.
The authors reasoned that, if access to visual working memory is crucial for efficient visual search perfor- Visual working memory plays a central role in most models of visual search. However, a recent study showed that search efficiency was not impaired when working memory was filled to capacity by a concurrent object memory task ). Objects and locations may be stored in separate working memory subsystems, and it is plausible that visual search relies on the spatial subsystem, but not on the object subsystem. In the present study, we sought to determine whether maintaining spatial information in visual working memory impairs the efficiency of a concurrent visual search task. Visual search efficiency and spatial memory accuracy were both impaired when the search and the memory tasks were performed concurrently, as compared with when the tasks were performed separately. These findings suggest that common mechanisms are used to process information during difficult visual search tasks and to maintain spatial information in working memory.
mance, filling visual working memory with information before search began should lead to impaired search efficiency, impaired memory accuracy, or both. However, the efficiency of the subjects' visual search-quantified as the slope of the function relating reaction time (RT) to the number of items in the search array-did not differ between search performed in isolation and search performed during the retention interval of the memory task. The memory load did lead to a significant increase in the y-intercept of the search function, but changes in the intercept alone must reflect changes in processes that precede or follow the search process, rather than a change in the efficiency of the search process itself. In addition, accuracy in the memory task was slightly impaired when the search and the memory tasks were performed together, as compared with when the memory task was performed alone, but this effect also did not vary with the number of items in the search array. In other words, visual working memory performance was equally accurate regardless of the number of items that needed to be processed in the search array. Follow-up experiments indicated that this small memory impairment reflected a nonspecific masking of the memory representation by the mere presence of the search array and occurred even if the subjects did not perform a task with the search array. The same pattern of results was obtained when the working memory task required the subjects to remember the shapes of objects that were identical to the objects in the search displays. Overall, strikingly little interference was observed between visual search and visual working memory in this study.
Although the findings of Woodman et al. (2001) demonstrate that maintaining object representations in visual working memory does not impair visual search efficiency, it is possible that maintaining a different type of information could interfere with search. Specifically, a growing body of evidence from behavioral (for reviews, see Baddeley & Logie, 1999; Logie, 1995) , neuroanatomical (for reviews, see Goldman-Rakic, 1996; , and neuropsychological (e.g., Carlesimo, Perri, Turriziani, Tomaiuolo, & Caltagirone, 2001; De Renzi & Nichelli, 1975; Farah, Hammond, Levine, & Calvanio, 1988 ) studies supports the proposal that spatial and nonspatial visual representations are stored in separate working memory subsystems. This hypothesis regarding separate working memory subsystems is essentially an extension of the general view that dorsal and ventral pathways in the posterior visual cortex specialize in the processing of where and what, respectively. Thus, in the present study, we examined the possibility that maintaining spatial representations in working memory does interfere with visual search, even though maintaining object representations in visual working memory does not.
To test whether holding spatial locations in working memory interferes with visual search, we used a procedure virtually identical to that used by Woodman et al. (2001) . As is shown in Figure 1 , the working memory task was changed so that the subjects were required to remember the spatial locations of two objects so that they could perform a location change detection task. We again tested the working memory task alone, the search task alone, and the search task interposed within the retention interval of the working memory task.
If visual search and spatial working memory use a common set of processing resources, search efficiency should be impaired when the search task is presented during the retention interval of the working memory task, as compared with when the search task is tested in isolation. The impairment in search efficiency might also be accompanied by a decrement in memory performance that increases as the number of items to be searched increases. However, if spatial working memory and visual search do not use common processing resources, no such effects should be seen, as Woodman et al. (2001) observed for object memory.
METHOD Subjects
Twelve University of Iowa students with normal or corrected-tonormal vision participated after informed consent was obtained. They reported no history of neurological problems and were paid $8 per hour. All the subjects reported being right-handed.
Stimuli and Procedure
The stimuli were presented on a video monitor with a gray background (0.62 cd/m 2 ) and a continuously visible fixation cross at a viewing distance of 70 cm. Each subject completed four blocks of trials, one for the memory task alone, one for the search task alone, and two for the dual-task condition. Each block consisted of 72 trials, preceded by 10-15 practice trials. The order of the three conditions was counterbalanced across subjects.
In the memory-only condition, the subjects performed a location change detection task. Each trial began with the sequential presentation of two white dots (0.13º 3 0.13º, 65.38 cd /m 2 ) that were used to indicate the to-be-remembered locations. Each dot was presented for 500 msec, and the two dots were separated by a 500-msec blank period. The dots were presented sequentially to discourage observers from forming a shape-based conf igural representation of the two locations (e.g., a line of a certain orientation). Each dot was presented at a randomly selected location within a 1.625º 3 1.625º region centered in the middle of the display, and each dot was centered at least 0.49º from the center of the other dot's location and from the fixation cross.
The offset of the second dot was followed by a 5,000-msec retention interval and then by a test array in which both dots were shown simultaneously for 2,000 msec. On 50% of the trials, the two dots were shown at the same locations as during the initial presentation. On the other 50% of the trials, one of the dots was presented at a new location that was centered at least 0.49º from the original dot, from the other dot, and from the fixation cross. The observers made an unspeeded two-alternative response to indicate whether a location change was detected. The subjects responded on a game pad, pressing a button with the index finger of the left hand to indicate same and pressing a button with the middle finger of the left hand to indicate different. Each trial was followed by a 1,000-msec intertrial interval (ITI).
In the search-only condition, the subjects performed a search task for two possible target shapes, one of which was present on each trial (this is exactly the same task as that used by Woodman et al., 2001 ). Each search array was composed of 4, 8, or 12 white outlined squares (0.45º 3 0.45º, 0.08º line thickness, 65.38 cd /m 2 ), each of which contained a gap (0.12º) on one side. The items were presented at randomized locations within a 6.1º 3 6.1º region, with each item being at least 1.14º from the center of the display and at least 0.6º from the nearest neighboring item (measured from center to center). Note that the region in which search items were presented excludes the central 2.28º 3 2.28º of the display so as not to overlap with the region in which the memory items appeared. Array density was controlled across set sizes by presenting clusters of four items within a single quadrant of the display and varying the number of quadrants containing a cluster. That is, one cluster was presented for a set size of 4, two clusters were presented for a set size of 8, and three clusters were presented for a set size of 12. Each array was presented for 4,000 msec, separated by a 1,000-msec ITI. Nontarget squares had gaps on the left or the right side, and the target square had a gap on either the top or the bottom of the square. The subjects made a speeded two-alternative response to indicate which of the two possible targets was present on each trial (this twotarget procedure discouraged the subjects from "giving up" before searching the entire array, thus minimizing speed -accuracy tradeoffs). They pressed a button with the index finger of the right hand to indicate that a target with a gap on its top was present, and they pressed a button with the middle finger of the right hand to indicate that the target had a gap on its bottom.
In the dual-task condition, the subjects performed both the spatial memory task and the search task on each trial. As is shown in Figure 1 , the subjects were shown the visual search array during the retention interval of the memory task. Note that the speeded search responses were made with the right hand and the unspeeded memory responses were made with the left hand. A 500-msec interstimulus interval (ISI) separated the offset of the second dot in the memory task from the onset of the visual search array, and another 500-msec ISI separated the offset of the search array from the onset of the memory test array.
In all the conditions, the subjects performed an articulatory suppression task throughout each trial. In particular, they repeated " a, b, c, d," "1, 2, 3, 4," "w, x, y, z" or "6, 7, 8, 9 " aloud at a rate of 3-4 items per second during each entire trial. The same set of four letters or digits was repeated on every trial for a block of trials, and the order of the verbal load sets across blocks was randomly selected for each subject. Articulatory suppression tasks such as this have been shown to be highly effective in preventing subjects from recoding visual information for storage in the verbal working memory system (Baddeley, 1986; Besner, Davies, & Daniels, 1981; Murray, 1968) .
RESULTS
We first will consider the data from the visual search task. As is shown in Figure 2A , RTs increased linearly as set size increased in both the search-alone and the dualtask conditions. However, the slope of the search function was greater in the dual-task condition (74.4 msec/ item) than in the search-alone condition (52.9 msec/item). The y-intercept was also greater in the dual-task condition (698 msec) than in the search-alone condition (583 msec). These observations were supported by an analysis of variance (ANOVA) with factors of condition (search alone or dual task) and set size (4, 8, or 12) . This analysis yielded a significant main effect of condition Accuracy was above 97% correct at every set size in the search-alone and the dual-task conditions and did not change systematically across the cells of the design. An ANOVA with factors of condition and set size yielded no significant main effects or interactions (all ps . .40).
Accuracy for the spatial memory task is summarized in Figure 2B . Accuracy was quantified as percentage correct, pooling across change and no-change trials (an identical pattern of results was observed for the A9 measure of detection sensitivity). Mean accuracy was 95% correct in the memory-alone condition and 82% correct in the dual-task condition (averaged across the three search set sizes), a significant difference [t (11) 5 19.03, p , .01]. In the dual-task condition, memory accuracy decreased as the set size of the concurrent visual search task increased. This observation was supported by a significant one-way ANOVA comparing change detection accuracy across the three search set sizes of the dual-task condition [F(1,11) 5 7.00, p , .01].
This pattern of results is quite different from the pattern observed by Woodman et al. (2001) , who combined this same search task with a color or form change detection task. In the previous study, no set-size-dependent interference was observed: The intercept, but not the slope, of the search function was increased in the dual-task condition, and there was no set-size-dependent impairment in memory performance in the dual-task condition. In contrast, combining the search task with a location change detection task in the present experiment yielded a significant increase in the slope of the search function and a set-size-dependent decline in memory accuracy.
DISCUSSIO N
In this study, we investigated the effects of maintaining spatial information in visual working memory on a concurrently performed visual search task. We found that maintaining a relatively modest number of spatial locations interfered with the efficiency of visual search. In addition, memory accuracy became progressively more impaired as the number of items in the search array increased. Thus, the memory task interfered with search performance, and the search task interfered with memory performance; importantly, both types of interference increased as the set size of the search array increased.
No set-size-dependent interference effects had been found previously when a color or form change detection task was used instead of a location change detection task, even when the color or form change detection tasks were more difficult than the present location change detection task ). Together, these two studies indicate that visual search and spatial change detection both require access to a common limited-capacity process, whereas visual search and color and form change detection do not.
What is the common limited-capacity process that is required by the visual search and the spatial change detection tasks? There are several possibilities, the most obvious of which is visual-spatial attention. Specifically, Awh, Jonides, and colleagues Awh, Jonides, & Reuter-Lorenz, 1998; Jonides et al., 1993; Smith et al., 1995) have proposed that representations of spatial locations are maintained in working memory by focusing visual-spatial attention on the to-be-remembered locations. We have previously shown that the visual search task used in the present study involves sequential shifts of spatial attention (Woodman & Luck, 1999) , and it is likely that the subjects could not simultaneously attend to the to-be-remembered locations and shift attention from item to item in the search array.
A related possibility is that both the search and the change detection tasks required access to a common system for representing spatial locations. Representations of location are obviously necessary for the change detection task, but they may also be necessary for controlling the operation of attention in the search task. Thus, even if attention is not used for maintaining the spatial locations in working memory, the common use of spatial representations may have led to interference between the tasks. By analogy, bilateral parietal lesions lead to both spatial impairments and impairments in attention-demanding visual search tasks (e.g., Robertson, Treisman, FriedmanHill, & Grabowecky, 1997) , and it is difficult to determine whether the attention problems are a result of a more general problem with spatial representations.
Yet another possibility is that visual working memory is used to maintain a record of which locations have been searched so that objects are not searched multiple times (Klein, 1988) . If working memory is unavailable for this purpose, search may become less efficient (and if working memory is being used for this purpose, performance on the change detection task would become impaired). The evidence for this sort of memory-guided search is mixed (e.g., Mueller & von Muehlenen, 2000; Wolfe & Pokorny, 1990) , but even if subjects do not remember exactly which items have been searched, spatial working memory may be used to promote a general systematicity in search (e.g., a general top-bottom, left-right, or in-out search order), and this systematicity may have been compromised by the concurrent spatial change detection task.
The present results also have important implications for the nature of visual working memory. Specifically, the observation that maintaining spatial locations, but not object representations, in working memory impairs visual search provides further support for existing proposals that location and object information are handled by separate working memory subsystems (e.g., Baddeley & Logie, 1999) . Our results parallel previous results reported by Logie and Marchetti (1991) , who combined either a temporal-spatial memory task or a brightness memory task with either a spatial movement task or the viewing of line drawings. The spatial movement task interfered with performance of the temporal-spatial memory task, but not of the brightness memory task, whereas the line drawings interfered with performance of the brightness memory task but not of the temporal-spatial memory task. Thus, the present results converge well with previous evidence for functionally separable spatial and object working memory subsystems.
